Abstract
Interannual variability in reanalysis temperatures is best constrained in the upper TTL, with 23 larger differences at levels below the cold point. The reanalyses reproduce the temperature 24 responses to major dynamical and radiative signals such as volcanic eruptions and the QBO. In the tropics, two definitions of the tropopause are widely used: one based on the cold point 23 and one based on the characteristics of the lapse rate. The cold point tropopause is defined as 24 the level at which the vertical temperature profile reaches its minimum (Highwood and Hoskins, 25 1998) and air parcels en route from the troposphere to the stratosphere encounter the lowest 26 temperatures. Final dehydration typically occurs at these lowest temperatures, so that the cold 27 point tropopause effectively controls the overall water vapour content of the lower stratosphere 28 (Randel et al., 2004a ) and explains its variability (Fueglistaler et al., 2009 ). While the cold point 29 tropopause is an important boundary in the tropics where upwelling predominates, this 30 definition of the tropopause is irrelevant for water vapor transport into the stratosphere at higher 31 latitudes. The lapse rate tropopause, on the other hand, offers a globally-applicable definition 32 of the tropopause, marking a vertical discontinuity in the static stability. The lapse rate 33 tropopause is defined as the lowest level at which the lapse rate decreases to 2 K km -1 or less,
34
provided that the average lapse rate between this level and all higher levels within 2 km does 35 not exceed 2 K km -1 (World Meteorological Organization, 1957) . The tropical lapse rate 36 tropopause is typically ~0.5 km (~10 hPa) lower and ~1 K warmer than the cold point 37 tropopause (Seidel et al., 2001 ). 38 39 Over recent decades, the thermal characteristics of the TTL and tropopause have been obtained Meteorological reanalysis data sets are widely used in scientific studies of atmospheric 6 processes and variability, either as initial conditions for historical model runs or in comparisons 7 with climate model output. Often, they are utilized as "stand-ins" for observations, when the 8 available measurements lack the spatial or temporal coverage needed. Each atmospheric 9 reanalysis system consists of a fixed global forecast model and assimilation scheme. The system 10 combines short-range forecasts of the atmospheric state with available observations to produce 11 best-guess, consistent estimates of atmospheric variables such as temperatures and winds.
12
Spurious changes in the reanalysis fields can arise from changes in the quality and quantity of 13 the observations used as input data, which complicates the analysis of variability and trends.
14 Further discontinuities in reanalysis-based time series can originate from the joining together 15 of distinct execution streams (Fujiwara et al., 2017) . 16 17 Among the various TTL characteristics such as composition, radiation budgets and cloud 18 properties, the vertical temperature structure and the position and temperature of the cold point as derived from modern reanalysis data sets are compared to high-resolution radio occultation 4 data (Section 3). We also investigate temporal variability and long-term changes in tropopause 5 levels and temperature within the TTL (Section 4). The observational and reanalysis data sets 6 used in the evaluation are introduced in Section 2, and a discussion and summary of the results
7
are provided in Section 5. 2 Data and methods 10 11 2.1 Observational data sets 12 13 High-resolution observations of the TTL are available from tropical radiosonde stations. to calculate a monthly index as a measure of the amount of Kelvin wave activity in the TTL.
6
The index is calculated as the 1s standard deviation over the filtered anomalies at all spatial 7 grid points. Time periods of enhanced Kelvin wave activity are defined as the months when the 8 index is larger than the long-term mean plus the 1s standard deviation of the whole time series.
9
Based on this definition, we determined 20% of all months to be characterized by enhanced
10
Kelvin wave activity.
12
2.2 Reanalysis data sets 13 14 We evaluate eight "full-input" reanalyses, defined as systems that assimilate surface and upper- Among the observational data sets, radiosonde and GNSS-RO data are our best source of compared to radiosonde and GNSS-RO data also leads to differences, especially for derived 2 quantities such as the tropopause location and temperature, which will be investigated in the 3 following evaluations. 4 The reanalysis models resolve the TTL with different vertical resolutions, as illustrated in and 70 hPa ( Fig. 1) . We show that reanalysis-based estimates of tropopause temperature, 10 pressure and height compare much better to observations when they are derived from model-
11
level data than when they are derived from pressure-level data (Section 3.1). Another sensitivity 12 study demonstrates that tropopause temperatures directly calculated from monthly-mean fields 13 have a warm bias of 0.5 K compared to tropopause temperatures based on 6-hourly data (not 14 shown here). Therefore, we derive the cold point and lapse rate tropopause characteristics for 
Methods

25
Given the strong gradients of temperature and static stability in the TTL, the vertical resolution 26 of the reanalysis data sets is an important factor in cold point and lapse rate tropopause 27 calculations. For each reanalysis, tropopause heights and temperatures can be derived either 28 from model-or pressure-level data (Fig 1) . A comparison of the CFSR cold point tropopause 29 based on model-and pressure-level temperature data is shown here to demonstrate the clear 30 advantage of the finer model-level resolution (Fig. 2) . The cold point tropopause from CFSR (1)
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Here QBO1( ) and QBO2( ) are orthogonal time series representing QBO variations constructed 16 as the first two EOFs of the Freie Universität Berlin (FUB) radiosonde stratospheric winds 17 (Naujokat, 1986) . The long-term trends of the reanalyses temperature time series have been derived as the Tropical mean temperatures from reanalyses at two standard pressure levels (100 hPa and 70 3 hPa) and at the two tropopause levels are compared to radio occultation data for the time period (Fig. 3) . At 100 hPa, reanalysis temperatures agree well with radio occultation data MERRA-2, CFSR). All reanalyses tend to be colder than the observations in the tropical mean 24 (Fig. 4) , but differences are relatively small and the agreement is good overall. CFSR and ERA5 Comparing the temperature profiles to the tropopause values ( Fig. 3 and 4 ) reveals that despite 6 the five reanalyses having negative biases at model levels, they mostly have positive biases at 7 the cold point and lapse rate tropopause levels. As the discrete values corresponding to 8 reanalysis model levels are unable to reproduce the true minimum temperature as recorded in a 9 near-continuous profile, this difference is expected for the cold point tropopause. Similarly, the 10 lapse rate tropopause criteria might typically be fulfilled at lower levels for data at coarser 11 resolution, thus resulting in a warm bias at the lapse rate tropopause on average. Overall, our 12 results indicate that the negative temperature bias at model levels is more than cancelled out by comparisons to radio occultation data (Fig. 6) . All reanalysis data sets produce tropopause 13 levels that are too low and too warm, with the latter related to vertical resolution as explained (Fig. 7) . To show differences at relatively high spatial resolution, we focus on the There is also evidence of a secondary maximum in the differences over equatorial South The zonal mean lapse rate tropopause (Fig. 9) at the equator is found at similar temperatures 27 and heights as the cold point tropopause, being only slightly warmer and lower. Poleward of 28 10°S/10°N, however, the lapse rate tropopause height decreases considerably faster than the (Fig. 6) . The altitude of the lapse rate tropopause shows considerable zonal 4 Interannual variability and long-term changes 1 2 It has long been recognized that inter-annual variations in TTL temperatures are strongly 
21
Interannual variability at 70 hPa is dominated by the stratospheric QBO signal, which is (Fig. 12) . 21 Trends derived from reanalysis data can be problematic due to changes in the assimilated At the 100 hPa and cold point levels, the situation is completely different. The available 8 adjusted radiosonde data sets show in some cases uncertainties larger than the respective 9 temperature trends at these levels. Only a few of the available data sets indicate a statistically 10 significant cooling based on a methodology that adjusts the cold point trend to account for small negative bias at model levels, has the most realistic tropopause temperatures, while CFSR, 31 which produces the most realistic model-level temperature profile, has a warm bias of 0.6-0.9
32
K at the cold point and lapse rate tropopause levels. Older reanalyses like MERRA, JRA-25 33 and especially NCEP-NCAR R1 show the largest temperature biases at the tropopause levels.
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The zonal structure of tropopause temperature reveals that the biases in reanalysis relative to 35 observations maximise at or near the equator. All of the recent reanalyses produce a realistic 36 horizontal structure of cold point temperature with minima corresponding to the centres of 37 tropical deep convection. Differences between reanalyses and observations are greatest over 38 equatorial Africa. These enhanced differences are possibly related to Kelvin wave activity and 39 associated disturbances in TTL temperatures that also maximize in this region. 
